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(54) Exhaust emission control system and method 



(57) An exhaust emission control system for an in- 
ternal combustion engine (1 ) is provided which includes 
a NOx storage/reduction catalyst (7) disposed in an ex- 
haust passage (3) of the engine, and a NOx sensor (9) 
positioned in the exhaust passage downstream of the 
catalyst. A controller (30) of the system performs a rich- 
spike operation to temporarily operate the engine at a 
rich air/fuel ratio each time a NOx storage state of the 



catalyst satisfies a predetermined rich-spike condition 
during a lean-burn operation. When the degree of deg- 
radation of the catalyst is determined by comparing the 
output of the NOx sensor (9) with a predetermined eval- 
uation value, the rich-spike condition is changed so that 
the amount of NOx stored in the catalyst (7) at the time 
of a start of the rich-spike operation during a degradation 
determination period is made larger than that reached 
during a period other than the determination period. 
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Description 

BACKGROUND OF THE INVENTION 

1 . Field of the Invention 

[0001] The invention relates generally to exhaust 
emission control system and method for an internal 
combustion engine, and, more particularly, to such ex- 
haust emission control system and method that purify 
exhaust emissions by using a NOx storage/reduction 
catalyst, and have a function or step of determining the 
degree of degradation of the NOx storage/reduction cat- 
alyst. The NOx storage/reduction catalyst is adapted to 
selectively store NOx contained in exhaust gas, through 
adsorption, absorption or both of them, when the air/fuel 
ratio of the exhaust gas flowing into the catalyst is lean, 
and reduce and remove the stored NOx by using reduc- 
ing components in the exhaust gas when the air/fuel ra- 
tio of the exhaust gas flowing into the catalyst becomes 
equal to the stoichiometric air/fuel ratio or a rich air/fuel 
ratio. 

2. Description of Related Art 

[0002] An exhaust emission control system is known 
which purifies exhaust gas of NOx contained therein, by 
using a NOx storage/reduction catalyst that selectively 
stores NOx in the exhaust gas, through adsorption, ab- 
sorption or both of them, when the air/fuel ratio of the 
exhaust gas flowing into the catalyst is lean, and reduc- 
es and removes the stored NOx by using reducing com- 
ponents contained in the exhaust gas when the air/fuel 
ratio of the exhaust gas flowing into the catalyst be- 
comes stoichiometric or rich. 

[0003] However, the NOx storage/reduction catalyst 
undergoes degradation or deterioration for various rea- 
sons, and its capability of removing NOx from exhaust 
gas is reduced due to the degradation. For example, in 
the case where a sulfur component is contained in a fuel 
of the internal combustion engine, the NOx storage/re- 
duction catalyst stores sulfur oxides in the exhaust gas, 
which are generated by combustion of the sulfur com- 
ponent in the fuel, in substantially the same manner in 
which the catalyst stores NOx. If the amount of the sulfur 
oxides (SOx) stored in the NOx storage/reduction cata- 
lyst is increased, the NOx storage capacity of the NOx 
storage/reduction catalyst is reduced by a degree cor- 
responding to the stored SOx amount, and the amount 
of NOx that passes through the NOx storage/reduction 
catalyst without being trapped or stored by the catalyst 
during a lean-burn operation of the engine is increased. 
[0004] The NOx stored in the NOx storage/reduction 
catalyst can be discharged from the catalyst for reduc- 
tion and removal, through a rich-spike operation in 
which the engine is temporarily operated at a rich air/ 
fuel ratio so that exhaust gas having a rich air/fuel ratio 
is supplied to the catalyst. 



[0005] However, the above-mentioned SOx stored in 
the NOx storage/reduction catalyst is not discharged 
from the catalyst through the rich-spike operation for re- 
duction and removal of NOx, and therefore the amount 

5 of SOx stored in the NOx storage/reduction catalyst 
gradually increases as the engine keeps operating at a 
lean air/fuel ratio, resulting in so-called sulfur poisoning 
or S poisoning, which causes a gradual reduction in the 
NOx removal capability of the NOx storage/reduction 

10 catalyst. 

[0006] In addition to the S poisoning, the NOx storage/ 
reduction catalyst may degrade due to, for example, a 
long period of use or operations under a high-tempera- 
ture environment, resulting in a reduction in the NOx 

15 storage capacity. 

[0007] The S poisoning may be eliminated by, for ex- 
ample, performing a poisoning eliminating operation in 
which a fuel-rich exhaust gas having a higher tempera- 
ture than that used in normal rich-spike operations is 

20 supplied to the NOx storage/reduction catalyst so as to 
discharge the stored SOx from the NOx storage/reduc- 
tion catalyst. 

[0008] The NOx storage/reduction catalyst that has 
degraded for reasons other than S poisoning may not 
25 be recovered or restored to its original state, and the 
catalyst may need to be replaced by a new one in the 
case where such degradation occurs. 
[0009] In order to appropriately eliminate the S-poi- 
soning or replace the catalyst by a new one as described 
30 above, it is necessary to accurately determine that the 
NOx storage/reduction catalyst has degraded to such 
an extent that necessitates or requires the poisoning 
eliminating operation or replacement. 
[0010] In a known technology for determining the de- 
35 gree of degradation of the NOx storage/reduction cata- 
lyst, a NOx sensor for detecting the NOx concentration 
in exhaust gas is disposed in an exhaust passage locat- 
ed downstream of the NOx storage/reduction catalyst, 
and the degree of degradation of the NOx storage/re- 
40 duction catalyst is determined based on an output signal 
of the NOx sensor. Examples of exhaust emission con- 
trol systems that determine the degradation of the cat- 
alyst in this manner are disclosed in, for example, Jap- 
anese Laid-open Patent Publications No. 7-208151 
45 (JP-A-7-208151) and No. 2000-130212 (JP-A- 
2000-130212), and US Patent 6,167,695. 
[0011] The system as disclosed in JP-A-7-208151 de- 
termines that the NOx storage/reduction catalyst has 
degraded when the time required for the exhaust NOx 
50 concentration detected by a NOx sensor located down- 
stream of the NOx storage/reduction catalyst to in- 
crease to a predetermined level after a rich-spike oper- 
ation is equal to or shorter than a predetermined time. 
[0012] As the NOx storage amount increases, the 
55 NOx storage capacity of the NOx storage/reduction cat- 
alyst is reduced, and the amount of NOx that passes 
through the NOx storage/reduction catalyst without be- 
ing trapped by the catalyst, out of NOx contained in the 
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exhaust gas flowing into the catalyst, is increased. The 
NOx storage capacity thus reduced due to the increase 
in the NOx storage amount is normally restored through 
a rich-spike operation for reducing and removing the 
stored NOx. However, the SOx stored in the NOx stor- 
age/reduction catalyst is not discharged from the cata- 
lyst through a normal rich-spike operation, and therefore 
SOx remains in the catalyst even after rich spikes if the 
catalyst suffers from S poisoning, resulting in a reduc- 
tion in the NOx storage capacity by a degree corre- 
sponding to the amount of SOx stored in the catalyst. 
[0013] In the case where degradation of the catalyst 
occurs for other reasons than S poisoning, too, the NOx 
storage capacity is not completely restored even after 
rich spikes are executed. Namely, once the NOx stor- 
age/reduction catalyst undergoes degradation, the NOx 
storage capacity of the catalyst is not completely re- 
stored even after rich spikes. Upon occurrence of S poi- 
soning, therefore, the NOx storage capacity of the cat- 
alyst is largely reduced due to absorption of even a rel- 
atively small amount of NOx after a rich-spike operation, 
and the amount of NOx that passes through the catalyst 
without being stored or trapped is increased within a 
short time. 

[0014] The system disclosed in JP-A-7-208151 is 
adapted to measure the exhaust NOx concentration by 
means of the NOx sensor located downstream of the 
catalyst after a rich spike is executed, and determines 
that the NOx storage capacity is not sufficiently restored 
even after the rich spike, namely, the NOx storage/re- 
duction catalyst undergoes degradation, when the time 
required for the NOx concentration to increase to the 
predetermined level is shorter than the predetermined 
time. 

[0015] JP-A-2000-130212 discloses a technology for 
determining degradation of the NOx storage/reduction 
catalyst, by determining the amount of NOx emitted by 
the engine (which will be called "NOx emission amount") 
based on the engine operating conditions, and compar- 
ing a value obtained by multiplying the NOx emission 
amount by the NOx absorption efficiency of the NOx 
storage/reduction catalyst that is determined depending 
upon the engine operating conditions, with the actual 
NOx concentration detected by a NOx sensor located 
downstream of the catalyst. 

[0016] Namely, in the emission control system of 
JP-A-2000-130212, the amount of NOx (reference con- 
centration) that would pass through the NOx storage/ 
reduction catalyst and reach the downstream side there- 
of without being absorbed by the catalyst if the NOx stor- 
age/reduction catalyst is in a normal (i.e., non-degrad- 
ed) state, out of the NOx generated by the engine, is 
determined as a product of the NOx emission amount 
of the engine and the NOx absorption efficiency of the 
catalyst. Then, it is determined that the catalyst under- 
goes degradation if the amount (concentration) of NOx 
that has actually passed through the catalyst to the 
downstream side thereof is larger than the reference 



concentration thus determined. 

[0017] In the systems disclosed in JP-A-7-208151, 
JP-A-2000-130212 and USP 6,167,695, the degrada- 
tion of the catalyst is determined based on the exhaust 

5 NOx concentration detected by the NOx sensor. How- 
ever, these systems fail to take account of the reliability 
of the output of the NOx sensor (or the detection accu- 
racy of the sensor), thus giving rise to a possibility that 
false or inaccurate determinations are made on the deg- 

10 radation of the catalyst. 

[0018] In general, the NOx detection accuracy of the 
NOx sensor, namely, the reliability of the output of the 
NOx sensor, is considerably reduced or deteriorated in 
a low NOx concentration region. Nevertheless, when 

15 the degradation of the NOx storage/reduction catalyst 
is determined by the methods of JP-A-7-208151 and 
JP-A-2000-130212, a NOx-concentration judgment val- 
ue based on which the degradation is detected needs 
to be set to a value in a relatively low concentration re- 

20 gion. 

[0019] Supposing that the upper limit concentration of 
the NOx emission level needs to be kept equal to or low- 
er than, for example, 40 ppm, the purpose of determin- 
ing degradation of the catalyst cannot be adequately ac- 

25 complished if the occurrence of degradation is deter- 
mined after the catalytic degradation has progressed to 
a point where the exhaust NOx concentration measured 
downstream of the catalyst has reached the upper limit 
concentration of 40 ppm. It is thus necessary to deter- 

30 mine the progression of the degradation at an earlier 
point of time, and take measures, such as elimination of 
S poisoning, against the degradation. 
[0020] For example, in the case where the degrada- 
tion of the NOx storage/reduction catalyst is determined 

35 when rich-spike operations are periodically performed, 
if the exhaust NOx concentration measured down- 
stream of the catalyst has reached 40 ppm at the time 
of a rich-spike operation, the emitted NOx concentration 
will far exceed the upper limit concentration under op- 

40 erating conditions (e.g., during acceleration of the vehi- 
cle) in which the NOx emission amount is far larger than 
that measured at the time of the rich-spike operation. 
[0021] In order to constantly keep the exhaust NOx 
concentration equal to or lower than the upper limit val- 

45 ue, therefore, it is necessary to determine that the deg- 
radation of the NOx storage/reduction catalyst has pro- 
gressed (or the catalyst undergoes degradation) when 
the exhaust NOx concentration measured downstream 
of the catalyst immediately before a rich spike (i.e., upon 

50 a start of a rich spike) reaches a far lower value (e.g., 
about 10 ppm), and take measures, such as an opera- 
tion to eliminate S poisoning, against the degradation of 
the catalyst. 

[0022] Accordingly, in order to determine the degra- 
55 dation of the NOx storage/reduction catalyst at an earlier 
time in the methods of JP-A-7-208151 and JP-A- 
2000-130212, the degradation evaluation concentration 
as a criterion for determining degradation needs to be 
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set to a sufficiently low level. However, the detection ac- 
curacy of the NOx sensor is considerably reduced in a 
low concentration region, as described above, and 
therefore the reliability of the degradation determination 
itself is reduced if the degradation evaluation concen- 
tration is lowered. 

[0023] Thus, the conventional emission control sys- 
tems are not able to accurately determine degradation 
of the NOx storage/reduction catalyst, and may cause 
a problem that the exhaust NOx concentration exceeds 
the upper limit value under operating conditions in which 
the NOx emission amount of the engine is increased. 

SUMMARY OF THE INVENTION 

[0024] It is therefore an object of the invention to pro- 
vide an exhaust emission control system for an internal 
combustion engine, which is able to easily and accu- 
rately determine degradation of a NOx storage/ reduc- 
tion catalyst when the determination is made by using 
a NOx sensor positioned downstream of the NOx stor- 
age/reduction catalyst. It is another object of the inven- 
tion to provide such an exhaust emission control meth- 
od. 

[0025] To accomplish the above and/or other object 
(s), there is provided according to one aspect of the in- 
vention an exhaust emission control system for an in- 
ternal combustion engine, which comprises: (a) a NOx 
storage/reduction catalyst disposed in an exhaust pas- 
sage of the internal combustion engine, the NOx stor- 
age/reduction catalyst selectively storing NOx con- 
tained in exhaust gas flowing into the catalyst, through 
adsorption, absorption, or both of adsorption and ab- 
sorption, when an air/fuel ratio of the exhaust gas is 
lean, and reducing and removing the stored NOx by us- 
ing reducing components in the exhaust gas when the 
air/fuel ratio of the exhaust gas becomes equal to a sto- 
ichiometric air/fuel ratio or a rich air/fuel ratio, (b) a NOx 
sensor positioned in the exhaust passage downstream 
of the NOx storage/reduction catalyst, the NOx sensor 
being operable to detect a NOx concentration in the ex- 
haust gas, and (c) a controller. The controller of the sys- 
tem performs a rich-spike operation to temporarily op- 
erate the engine at a rich air/fuel ratio each time a NOx 
storage state of the NOx storage/reduction catalyst sat- 
isfies a predetermined rich-spike condition during an op- 
eration of the engine at a lean air/fuel ratio, so as to sup- 
ply exhaust gas having a rich air/fuel ratio to the NOx 
storage/reduction catalyst for reduction and removal of 
the NOx stored in the NOx storage/reduction catalyst. 
The controller also determines a degree of degradation 
of the NOx storage/reduction catalyst by comparing an 
output value of the NOx sensor obtained in a predeter- 
mined determination period during the operation of the 
engine at a lean air/fuel ratio, with a predetermined eval- 
uation value, and changes the rich-spike condition so 
that an amount of NOx stored in the NOx storage/reduc- 
tion catalyst at the time of a start of the rich-spike oper- 



ation during the determination period is made larger 
than the amount of NOx stored in the catalyst at the time 
of the start of the rich-spike operation during a period 
other than the determination period. 

5 [0026] In the exhaust emission control system as de- 
scribed above, the rich-spike operation is performed 
each time the NOx storage state of the NOx storage/ 
reduction catalyst satisfies the predetermined rich-spike 
condition, so that the exhaust gas having the rich air/ 

10 fuel ratio is supplied to the NOx storage/reduction cata- 
lyst. The NOx storage state represents an amount in- 
dicative of a state that is associated with or related to 
the amount of NOx stored in the NOx storage/reduction 
catalyst. For example, the NOx storage state means a 

15 value, such as a value of an NOx counter that represents 
the NOx storage amount as described later, or an 
elapsed time, running distance or an integrated value of 
the engine speed measured from execution of the last 
rich-spike operation, which represents the amount of 

20 NOx stored in the NOx storage/reduction catalyst. 

[0027] In the exhaust emission control system ac- 
cording to the above aspect of the invention, the rich- 
spike operation is performed each time the NOx storage 
state meets the predetermined rich-spike condition (for 

25 example, each time the NOx storage amount reaches a 
predetermined value, or each time the elapsed time, 
running distance, or the integrated value of the engine 
speed, measured from the time of completion of the last 
rich-spike operation reaches a predetermined value) 

30 during a normal lean-burn operation, namely, during a 
period other than the degradation determination period. 
With this arrangement, the NOx storage amount of the 
NOx storage/reduction catalyst is prevented from in- 
creasing to be larger than a given value, and therefore 

35 the exhaust NOx concentration (or emitted NOx concen- 
tration) measured downstream of the catalyst is con- 
stantly kept at a relatively low value. 
[0028] When degradation of the NOx storage/reduc- 
tion catalyst is determined, on the other hand, the rich- 

40 spike starting condition is changed so that the rich-spike 
operation is not started until the amount of NOx stored 
in the NOx storage/reduction catalyst reaches a value 
that is larger than the amount (the normal reference val- 
ue) at which the rich-spike operation is started during 

45 the normal lean-burn operation. For example, the start 
of the rich-spike operation is delayed, namely, the rich- 
spike operation is started at a later point of time than the 
normal starting point, so as to increase the NOx storage 
amount of the NOx storage/reduction catalyst at the time 

50 of the start of the rich-spike operation to be larger than 
the amount used in the normal lean-burn operation. 
[0029] With the above arrangement, during the deg- 
radation determination period, the NOx storage/reduc- 
tion catalyst stores a relatively large amount of NOx that 

55 is not reached during the normal lean-burn operation, 
and the emitted NOx concentration measured down- 
stream of the catalyst also increases to a higher level 
than that reached during the normal lean-burn opera- 
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tion. 

[0030] For example, where a rich-spike starting con- 
dition is set so that a rich-spike operation is carried out 
each time A mg of NOx is stored in the NOx storage/ 
reduction catalyst during a normal lean-burn operation, 
it may be determined that the catalyst has degraded 
when the NOx concentration of the exhaust gas emitted 
from the catalyst reaches 10 ppm immediately before a 
rich spike (namely, in a condition where the storage 
amount is equal to A mg). 

[0031] In the above case, the NOx sensor disposed 
downstream of the catalyst is required to permit accu- 
rate detection of the NOx concentration even in a low 
concentration region around 10 ppm. However, since 
the detection accuracy of the actual NOx sensor is con- 
siderably reduced in such a low concentration region, 
the NOx concentration cannot be detected with high ac- 
curacy in this region, and the degradation of the NOx 
storage/reduction catalyst cannot be determined with 
high accuracy. 

[0032] According to the above aspect of the invention, 
only in the case where degradation of the NOx storage/ 
reduction catalyst is determined, a rich-spike operation 
is temporarily delayed until the NOx storage amount of 
the NOx storage/reduction catalyst reaches a certain 
amount (e.g., an amount that is 1 .5 times as large as A 
mg) that is larger than A mg. 

[0033] In this case, 1 .5 A mg of NOx is stored in the 
NOx storage/reduction catalyst immediately before the 
rich-spike operation is started. As the amount of NOx 
stored in the NOx storage/reduction catalyst increases, 
the amount of NOx emitted from the catalyst increases 
in accordance with the increase in the NOx storage 
amount, though the NOx emission amount is depending 
upon the type and other parameters of the catalyst. In 
the case of a NOx storage/reduction catalyst that is in a 
degraded condition, for example, if the amount of NOx 
emitted from the catalyst that stores A mg of NOx is 
equal to 10 ppm, the emitted NOx concentration will be 
about 20 ppm when the NOx storage amount becomes 
equal to 1 .5 A mg. 

[0034] Since the NOx sensor exhibits sufficiently high 
detection accuracy in a NOx concentration region 
around 20 ppm, it becomes possible to determine the 
degree of degradation of the NOx storage/reduction cat- 
alyst with considerably high accuracy in this concentra- 
tion region, by using the output of the NOx sensor dis- 
posed downstream of the NOx storage/reduction cata- 
lyst. 

[0035] Thus, according to the above aspect of the in- 
vention, the emitted NOx concentration to be achieved 
for degradation determination is increased by causing 
the NOx storage/reduction catalyst to store a large 
amount of NOx that would not be reached during a nor- 
mal lean-burn operation, so that the degree of degrada- 
tion of the NOx storage/reduction catalyst can be easily 
and accurately determined. 

[0036] In one preferred embodiment of the invention, 



the controller uses the amount of NOx stored in the NOx 
storage/reduction catalyst as the NOx storage state of 
the NOx storage/reduction catalyst, and uses a condi- 
tion that the amount of NOx stored in the catalyst reach- 
5 es a predetermined reference storage amount as the 
predetermined rich-spike operation. In this embodi- 
ment, the controller also sets the reference storage 
amount during the determination period to a larger value 
than the reference storage amount set during the period 
other than the determination period, so as to increase 
the amount of NOx stored in the NOx storage/reduction 
catalyst at the time of the start of the rich-spike operation 
during the determination period, to be larger than the 
amount of NOx stored in the NOx storage/reduction cat- 
alyst at the time of the start of the rich-spike operation 
during the period other than the determination period. 
[0037] In the embodiment as described above, where 
a rich-spike operation is performed during normal en- 
gine operations each time the amount of NOx stored in 
the NOx storage/reduction catalyst reaches a predeter- 
mined reference amount, the reference amount is in- 
creased during the period in which degradation of the 
catalyst is determined. With this arrangement, the 
amount of NOx stored in the NOx storage/reduction cat- 
alyst until the rich-spike operation is performed is in- 
creased during degradation determination, to a larger 
value than that employed during normal operations, and 
the degradation of the catalyst is determined based on 
the output of NOx sensor while the NOx storage amount 
is larger than the reference amount employed during 
normal lean-burn operations. Consequently, the reliabil- 
ity of the output of the NOx sensor is improved, and the 
degree of degradation of the NOx storage/reduction cat- 
alyst can be easily and accurately determined. 
[0038] In another preferred embodiment of the inven- 
tion, the controller uses an elapsed time measured from 
the time of completion of the last rich-spike operation as 
the NOx storage state of the NOx storage/reduction cat- 
alyst, and uses a condition that the elapsed time reach- 
es a predetermined reference time as the predeter- 
mined rich-spike condition. In this embodiment, the con- 
troller also sets the reference time during the determi- 
nation period to be longer than the reference time set 
during the period other than the determination period, 
so as to increase the amount of NOx stored in the NOx 
storage/reduction catalyst at the time of the start of the 
rich-spike operation during the determination period, to 
be larger than the amount of NOx stored in the NOx stor- 
age/reduction catalyst at the time of the start of the rich- 
spike operation during the period other than the deter- 
mination period. 

[0039] In the embodiment as described above, while 
rich-spike operations are performed on the NOx stor- 
age/reduction catalyst at predetermined time intervals 
during normal lean-burn operations, the interval of exe- 
cution of the rich-spike operations is set during degra- 
dation determination, to be longer than that set for the 
normal lean-burn operations, so that the degradation of 
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the catalyst can be determined in a condition in which 
the NOx storage amount of the NOx storage/reduction 
catalyst is increased to be larger than the amount that 
would be reached during the normal lean-burn opera- 
tions. In this manner, the emitted NOx concentration 
used as a criterion for degradation determination is in- 
creased, so that the degree of degradation of the NOx 
storage/reduction catalyst can be easily and accurately 
determined based on the output of the NOx sensor. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0040] The foregoing and/or further objects, features 
and advantages of the invention will become more ap- 
parent from the following description of exemplary em- 
bodiments with reference to the accompanying draw- 
ings, in which like numerals are used to represent like 
elements and wherein: 

FIG. 1 is a view schematically showing the con- 
struction of an exhaust emission control system ac- 
cording to one embodiment of the invention when it 
is applied to an internal combustion engine of an 
automobile; 

FIG. 2 is a view useful for explaining the principle 
of NOx detection of a NOx sensor; 
FIG. 3A through FIG. 3C are views showing varia- 
tions in the NOx storage amount and the emitted 
NOx concentration measured downstream of a NOx 
storage/reduction catalyst, between rich spikes of 
the catalyst; 

FIG. 4 is a flowchart showing one example of a deg- 
radation determining operation; 
FIG. 5 is a flowchart showing an operation to set a 
NOx counter; and 

FIG. 6 is a flowchart showing engine control oper- 
ations performed based on the result of the degra- 
dation determination. 

DETAILED DESCRIPTION OF EXEMPLARY 
EMBODIMENTS 

[0041] An exemplary embodiment of the invention will 
be described with reference to the accompanying draw- 
ings. 

[0042] FIG. 1 schematically shows the construction of 
an exhaust emission control system as one exemplary 
embodiment of the invention when applied to an internal 
combustion engine of a vehicle, such as an automobile. 
[0043] The system shown in FIG. 1 includes a main 
body of the internal combustion engine 1, an exhaust 
pipe 3 through which exhaust gas emitted by the engine 
1 flows, and an exhaust manifold 31 that connects the 
exhaust pipe 3 to exhaust ports of respective cylinders 
of the engine 1 . 

[0044] In the present embodiment, a NOx storage/re- 
duction catalyst 7 is disposed in the exhaust passage 3. 
The NOx storage/reduction catalyst 7 selectively traps 



and stores NOx contained in exhaust gas flowing into 
the catalyst, through adsorption or absorption or both 
processes, when the air/fuel ratio of the incoming ex- 
haust gas is lean, and reduces and removes the stored 
5 NOx by using components, such as HC and CO, in the 
exhaust gas when the air/fuel ratio of the incoming ex- 
haust gas becomes equal to the stoichiometric air/fuel 
ratio or becomes rich. 

[0045] The engine 1 of the present embodiment is a 
10 so-called lean-burn engine, which is capable of operat- 
ing at a lean air/fuel ratio depending upon its operating 
conditions. When the engine 1 is operated at a lean air/ 
fuel ratio, NOx components in the exhaust gas of the 
engine 1 are stored by the NOx storage/reduction cata- 
15 |yst 7, and are thus prevented from being discharged to 
the outside of the vehicle. 

[0046] In the present embodiment, a NOx sensor 9 as 
described later is disposed in an exhaust passage lo- 
cated downstream of the NOx storage/reduction cata- 
20 |yst 7. The NOx sensor 9 is operable to generate a volt- 
age signal that varies with the concentration of the NOx 
components in the exhaust gas. 
[0047] In FIG. 1, reference numeral 30 denotes an 
electronic control unit (ECU) that performs basic con- 
25 trols, such as fuel injection control and ignition timing 
control, of the engine 1 . The ECU 30 includes a micro- 
computer of a known type, in which a random access 
memory (RAM), a read-only memory (ROM) and a cen- 
tral processing unit (CPU) are connected to one another 
30 via a bi-directional bus. In the present embodiment, the 
ECU 30 performs rich-spike operations, in addition to 
the above-described basic controls. More specifically, 
the ECU 30 estimates the amount of NOx stored in the 
NOx storage/reduction catalyst during an operation of 
35 the engine 1 at a lean air/fuel ratio, and operates the 
engine 1 at a rich air/fuel ratio for a short period of time 
each time the stored NOx amount reaches a predeter- 
mined reference amount, thereby to reduce and remove 
the NOx stored in the NOx storage/reduction catalyst. 
40 [0048] In addition to the above-mentioned operations, 
the ECU 30 of the present embodiment also performs a 
degradation determining operation as described later, 
in which the ECU 30 detects a reduction in the NOx stor- 
age capacity of the NOx storage/reduction catalyst, and 
45 determines the degree of degradation of the catalyst. 
[0049] To perform the above-mentioned controls, the 
ECU 30 receives, at an input port thereof, various pa- 
rameters indicative of operating conditions of the engine 
1 , such as the intake mass flow, the amount of depres- 
50 sion of the accelerator pedal by the driver (or accelerator 
pedal position), the engine speed and the coolant tem- 
perature, from respective sensors (not shown). The 
ECU 30 also receives an output signal of the NOx sen- 
sor 9 via an A/D converter (not shown). Also, the ECU 
55 30 is connected at an output port thereof to fuel injectors 
and ignition plugs (not shown), so as to control the fuel 
injection amount and ignition timing of the engine in ac- 
cordance with the operating conditions. 
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[0050] Next, the NOx sensor 9 used in this embodi- 
ment will be described in detail. 

[0051] FIG. 2 is a cross-sectional view schematically 
showing the general structure of the NOx sensor 9. Re- 
ferring to FIG. 2, the NOx sensor 9 is mainly formed of 
solid electrolyte 331 , such as zirconia (Zr0 2 ), and a first 
reaction chamber 340, a second reaction chamber 350 
and an atmosphere chamber 360 are provided in the 
solid electrolyte 331. The first reaction chamber 340 
communicates with the exhaust passage via a diffusion 
control portion 335, and the second reaction chamber 
350 communicates with the first reaction chamber 340 
via a diffusion control portion 337, while the atmosphere 
as a standard gas is introduced into the atmosphere 
chamber 360. The diffusion control portions 335, 337 
control or restrict flow of an oxygen component through 
diffusion into the first reaction chamber 340 and the sec- 
ond reaction chamber 350, respectively, so that differ- 
ences in the oxygen concentration between the exhaust 
gas in the exhaust passage and a gas present in the first 
reaction chamber and between the gas in the first reac- 
tion chamber and a gas present in the second reaction 
chamber 2 can be maintained. 

[0052] As shown in FIG. 2, a platinum electrode (cath- 
ode) 341 is disposed in the first reaction chamber 340, 
and a similar platinum electrode (anode) 342 is dis- 
posed outside the sensor 9 such that the electrode 341 
and the electrode 342 are opposed to each other via the 
solid electrolyte 331 interposed therebetween. Also, a 
similar platinum electrode 351 and a rhodium (Rh) elec- 
trode 353 used for detection of NOx are disposed in the 
second reaction chamber 350, and a platinum electrode 
361 as a reference electrode is disposed in the atmos- 
phere chamber 360. In FIG. 2, reference numeral 370 
denotes an electric heater used for heating the solid 
electrolyte. 

[0053] The electrode 341 in the first reaction chamber 
340 and the outside electrode 342 function as an oxygen 
pump for discharging oxygen in the exhaust gas present 
in the first reaction chamber 340 to the outside of the 
NOx sensor 9, and the electrode 351 in the second re- 
action chamber 350 and the outside electrode 342 func- 
tion as an oxygen pump for discharging oxygen in the 
exhaust gas present in the second reaction chamber 
350 to the outside. If a voltage is applied between the 
electrodes 341 and 342 and between the electrodes 351 
and 342 while the solid electrolyte 331 is kept at a given 
temperature or higher, oxygen molecules in the exhaust 
gas are ionized on the cathodes 341 , 351 , and the ion- 
ized oxygen molecules (i.e., oxygen ions) move toward 
the anode 342 through the solid electrolyte 331 , and are 
converted into oxygen molecules on the anode 342. 
Through this process, oxygen contained in the exhaust 
gas present in the first reaction chamber 340 and the 
second reaction chamber 350 is discharged to the out- 
side of the sensor 9. With the movements of the oxygen 
ions, electric current that is proportional to the amount 
of the oxygen molecules that move through the solid 



electrolyte 331 per unit time flows between the elec- 
trodes 342 and 341 and between the electrodes 342 and 
351 . By controlling this current, therefore, the amount of 
oxygen discharged from each reaction chamber can be 

5 controlled. 

[0054] In the present embodiment, an oxygen cell is 
formed between the electrode 361 of the atmosphere 
chamber 360 and each of the electrodes 341 , 351 of the 
respective reaction chambers 340, 350. Since the oxy- 

10 gen concentration of the exhaust gas in the first and sec- 
ond reaction chambers 340, 350 is lower than that of the 
atmosphere, a difference in the oxygen concentration 
exists between the atmosphere in the atmosphere 
chamber 360 and the exhaust gas in each reaction 

15 chamber. Under conditions that the temperature of the 
solid electrolyte that separates the atmosphere cham- 
ber 360 from each reaction chamber 340, 350 is equal 
to or higher than a given temperature, and no external 
voltage is applied between the electrodes 361 and 341 

20 and between the electrodes 361 and 351, oxygen 
moves from the atmosphere chamber 360 into the reac- 
tion chambers 340, 350 through the solid electrolyte 
331 , due to the difference in the oxygen concentration. 
[0055] More specifically, oxygen molecules contained 

25 in the atmosphere present in the atmosphere chamber 
360 are ionized on the electrode 361 , and move through 
the solid electrolyte 331 into the reaction chambers 340, 
350 where the oxygen ions are converted into oxygen 
molecules again on the electrodes 341, 351 of the re- 

30 action chambers 340, 350 each having a relatively low 
oxygen concentration. As a result, a voltage that is com- 
mensurate with the difference between the oxygen con- 
centration of the atmosphere and the oxygen concen- 
tration in each of the reaction chambers 340, 350 is de- 

35 veloped between the electrode 361 and each of the 
electrodes 341 , 351 . Since the oxygen concentration of 
the atmosphere is assumed to be constant, a potential 
difference V0 (FIG. 2) between the electrode 361 and 
the electrode 341 and a potential difference V1 (FIG. 2) 

40 between the electrode 361 and the electrode 351 rep- 
resent the oxygen concentrations of the exhaust gases 
in the first reaction chamber 340 and the second reac- 
tion chamber 351, respectively. 

[0056] In the present embodiment, the oxygen pump 
45 (the electrodes 341 and 342, the electrodes 351 and 
342) is provided for discharging oxygen from each re- 
action chamber to the outside of the NOx sensor 9, as 
described above. By adjusting the pump currents IpO, 
Ip1 (FIG. 2) between the respective sets of the elec- 
50 trodes, the oxygen discharge speeds or rates of the re- 
spective oxygen pumps are controlled so that the oxy- 
gen concentration (i.e., the voltage V0, V1) of the ex- 
haust gas in each reaction chamber 340, 350 becomes 
equal to a predetermined fixed value. In the present em- 
55 bodiment, the pump currents IpO, Ip1 are controlled so 
that the oxygen concentration in the first reaction cham- 
ber 340 becomes equal to, for example, about 1ppm, 
and the oxygen concentration in the second reaction 
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chamber 350 becomes equal to, for example, about 
0.01 ppm. 

[0057] In the manner as described above, a reducing 
atmosphere having an extremely low oxygen concen- 
tration is maintained in the second reaction chamber 
350. In the meantime, NOx (NO, N0 2 ) contained in the 
exhaust gas is not discharged to the outside by means 
of the oxygen pumps, and therefore the NOx concentra- 
tions in the first and second reaction chambers are kept 
substantially equal to that of the exhaust gas present 
outside of the NOx sensor 9. In this connection, the NOx 
detection electrode 353, which is disposed in the second 
reaction chamber 350 and is formed of rhodium (Rh), 
functions as a reduction catalyst, and reduces NOx (NO, 
N0 2 ) under a reducing atmosphere. Since a voltage is 
applied between the reference electrode 361 of the at- 
mosphere chamber 360 and the NOx detection elec- 
trode 353, reactions as expressed by NO (1/2) N 2 + 
(1/2) 0 2 or N0 2 -> (1/2) N 2 + 0 2 occur on the NOx de- 
tection electrode 353, thereby to produce oxygen 
through reduction of NOx. The oxygen thus produced is 
ionized on the electrode 353, and moves toward the ref- 
erence electrode 361 of the atmosphere chamber 360 
through the solid electrolyte 331 , to form oxygen mole- 
cules on the reference electrode 361. 
[0058] Since the oxygen concentration in the second 
reaction chamber 350 is extremely low, the entire 
amount of the oxygen ions that flow through the solid 
electrolyte 331 toward the reference electrode 361 is 
supposed to be generated by reduction of NOx con- 
tained in the exhaust gas. Namely, the amount of the 
oxygen ions that flows through the solid electrolyte per 
unit time is commensurate with the NOx concentration 
in the second reaction chamber 350 (which is equivalent 
to the NOx concentration of the exhaust gas in the ex- 
haust passage). Accordingly, the NOx concentration of 
the exhaust gas in the exhaust passage can be deter- 
mined by measuring a current value (Ip2 in FIG. 2) that 
arises from the movements of the oxygen ions. The NOx 
sensor 9 of the present embodiment converts the cur- 
rent value Ip2 to a voltage signal, and outputs the volt- 
age signal commensurate with the NOx concentration 
in the exhaust gas. 

[0059] In the present embodiment, it is determined 
whether the NOx storage/reduction agent 7 has degrad- 
ed based on the output of the NOx sensor 9, as de- 
scribed later. While the NOx detection accuracy of the 
NOx sensor 9 varies with the NOx concentration, the 
detection accuracy is suddenly reduced, in particular, in 
a low NOx concentration region (e.g., in a region equal 
to or lower than about 10 ppm). In order to determine 
the degradation of the NOx storage/reduction catalyst 7 
with high accuracy by using the NOx sensor, therefore, 
it is necessary to use the NOx sensor in an operating 
region in which the result of detection of the NOx sensor 
9 has a sufficiently high reliability (e.g., in a region in 
which the NOx concentration is equal to or higher than 
about 20 ppm). 



[0060] In the present embodiment, therefore, the deg- 
radation of the NOx storage/reduction catalyst 7 is de- 
termined based on the result of detection of the NOx 
sensor 9 that operates in the region that ensures high 
5 reliability in the detection result. The operation to deter- 
mine the degradation of the NOx storage/reduction cat- 
alyst 7 will be described in detail later. 
[0061] Next, the above-mentioned rich-spike opera- 
tion of the present embodiment will be described. 
[0062] In the present embodiment, the ECU 30 esti- 
mates the amount of NOx stored in the NOx storage/ 
reduction catalyst 7, based on the engine operating con- 
ditions, and operates the engine 1 at a rich air/fuel ratio 
for a short period of time so as to supply a fuel-rich ex- 
haust gas to the NOx storage/reduction catalyst 7 when 
the estimated NOx storage amount reaches a predeter- 
mined amount. As a result, the NOx stored in the NOx 
storage/reduction catalyst 7 is reduced and removed by 
HC, CO and other components in the exhaust gas, so 
that the NOx storage amount of the NOx storage/reduc- 
tion catalyst 7 is reduced, and its storage capacity is re- 
stored. 

[0063] FIG. 3A through FIG. 3C show variations in the 
NOx storage amount of the NOx storage/reduction cat- 
alyst 7 during a lean-burn operation of the engine 1 and 
the exhaust NOx concentration (or emitted NOx concen- 
tration) measured downstream of the catalyst 7. Specif- 
ically, FIG. 3A shows the air/fuel ratio of the exhaust gas 
that flows into the NOx storage/reduction catalyst 7 
(namely, the air/fuel ratio at which the engine 1 is oper- 
ated), and FIG. 3B shows variations in the amount (es- 
timated value) of NOx stored in the NOx storage/reduc- 
tion catalyst 7, while FIG. 3C shows variations in the ex- 
haust NOx concentration measured downstream of the 
catalyst 7. 

[0064] If the engine 1 is kept operated at a lean air/ 
fuel ratio over a certain period, e.g., period L as shown 
in FIG. 3A, NOx contained in the exhaust gas is trapped 
or stored by the NOx storage/reduction catalyst 7, and 
therefore the NOx storage amount of the NOx storage/ 
reduction catalyst 7 is gradually increased. In the 
present embodiment, the amount of NOx emitted from 
the engine 1 is calculated based on the engine operating 
conditions, and a certain proportion of the NOx emission 
amount is estimated to be stored by the NOx storage/ 
reduction catalyst 7, as described later. Then, the timing 
of a start of a rich-spike operation is determined by using 
a NOx counter that represents the NOx storage amount. 
[0065] FIG. 3B indicates the value of the NOx counter 
CNX. As shown in FIG. 3B, the value of the NOx counter 
CNX increases during an operation of the engine 1 at a 
lean air/fuel ratio. In the present embodiment, a rich- 
spike operation is performed when the value of the NOx 
counter CNX reaches a predetermined reference value 
R1 (indicated in FIG. 3B). 

[0066] In FIG. 3A, "RS" denotes a rich-spike operation 
to be performed in the present embodiment. In the rich- 
spike operation RS, the engine 1 is switched to an op- 
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eration at a rich air/fuel ratio for a certain short period of 
time, so that the value of the NOx counter CNX is reset 
to zero upon completion of the rich-spike operation, as 
shown in FIG. 3B. 

[0067] FIG. 3C shows variations in the exhaust NOx 
concentration (or emitted NOx concentration) measured 
downstream of the NOx storage/reduction catalyst 7 
when the rich-spike operation is executed as described 
above. 

[0068] In FIG. 3C, M N1" indicates variations in the 
emitted NOx concentration measured with respect to a 
normal NOx storage/reduction catalyst that is not de- 
graded. While the engine 1 is operated at a lean air/fuel 
ratio, the NOx storage capacity of the NOx storage/re- 
duction catalyst 7 is reduced as the NOx storage amou nt 
of the catalyst 7 increases, and therefore the amount of 
NOx that passes through the catalyst 7 and reaches the 
downstream side thereof without being trapped by the 
catalyst 7 is increased. Thus, the emitted NOx concen- 
tration gradually increases as indicated by the curve N1 , 
and then decreases to an approximately zero level 
again when a rich spike RS is executed so as to restore 
the NOx storage capacity of the catalyst 7. In FIG. 3C, 
"A1" indicates the emitted NOx concentration obtained 
immediately before the rich-spike operation is started. 
Namely, the NOx concentration in the exhaust gas emit- 
ted from the normal NOx storage/reduction catalyst 
does not increase to a level higher than A1. In other 
words, A1 is the highest level of the NOx concentration 
that can be reached by the normal NOx storage/reduc- 
tion catalyst. 

[0069] On the other hand, in the case where the NOx 
storage/reduction catalyst 7 undergoes or suffers deg- 
radation due to S poisoning or for other reasons, the 
NOx storage capacity of the NOx storage/reduction cat- 
alyst 7 is not completely restored even if rich spikes are 
executed, and therefore the emitted NOx concentration 
is still at a relatively high level even after execution of 
the rich spikes. In FIG. 3C, "N2" indicates variations in 
the emitted NOx concentration measured with respect 
to a NOx storage/reduction catalyst that has been de- 
graded. Since the degraded NOx storage/reduction cat- 
alyst starts storing NOx in a condition where the emitted 
NOx concentration is still at a relatively high level even 
after completion of a rich spike, the emitted NOx con- 
centration is kept higher than that of the normal catalyst 
(N1) over the whole period of measurement. Also, the 
emitted NOx concentration measured immediately be- 
fore a rich spike is executed reaches a level (denoted 
by A2 in FIG. 3C) that is higher than A1 reached by the 
normal catalyst. 

[0070] Since the emitted NOx concentration immedi- 
ately before a start of a rich-spike operation increases 
as the degradation of the catalyst progresses, the de- 
gree of degradation of the catalyst can be determined 
by detecting, by means of the NOx sensor 9, the emitted 
NOx concentration (A1 , A2) immediately before the start 
of the rich-spike operation. 



[0071] Where "A2" as mentioned above represents 
NOx evaluation value of the emitted NOx concentration 
at which it is determined that the catalyst has been de- 
graded, the evaluation value A2 needs to be set to a 
5 considerably small value as compared with the permis- 
sible upper limit of the emitted NOx concentration so that 
the emitted NOx concentration does not exceed the per- 
missible upper limit value under various conditions, as 
described above. Therefore, the evaluation value A2 
may be set within a low concentration region in which 
the detection result of the NOx sensor 9 has a consid- 
erably reduced reliability (i.e., in which the NOx sensor 
9 operates with considerably reduced reliability). In this 
case, the degree of degradation of the NOx storage/re- 
duction catalyst cannot be accurately determined based 
on the output of the NOx sensor 9. 
[0072] The exhaust emission control system of this 
embodiment overcomes the above-described problem 
by temporarily delaying a start of a rich-spike operation 
when the degradation of the NOx storage/reduction cat- 
alyst 9 is to be determined, so that the NOx storage 
amount of the NOx storage/reduction catalyst measured 
immediately before the start of the rich-spike operation 
becomes a sufficiently large value. 
[0073] Specifically, when the degradation of the NOx 
storage/reduction catalyst is determined in the present 
embodiment, a rich-spike operation is not performed 
even if the NOx storage amount (represented by the val- 
ue of the NOx counter) of the catalyst reaches value R1 
(FIG. 3B) that provides a normal rich-spike starting con- 
dition, but a rich-spike operation is performed when the 
NOx storage amount reaches value R2 (FIG. 3B) that is 
larger than R1. For example, R2 is about 1.5 times as 
large as R1 . Thus, the timing of the rich spike is delayed 
to a position denoted by RS' in FIG. 3A, and the NOx 
storage amount of the catalyst 7 increases up to the val- 
ue R2 in response to the delay in the rich-spike timing, 
as indicated by the one-dot chain line CNX' in FIG. 3B. 
[0074] As a result, the emitted NOx concentration as- 
sociated with the degraded catalyst (FIG. 3C, N2) ex- 
ceeds A2 and keeps increasing (as indicated by N3 in 
FIG. 3C) until it reaches C1 immediately before the rich 
spike RS'. 

[0075] As shown in FIG. 3C, the emitted NOx concen- 
tration varies along N2 and N3 that curve downwards, 
and the inclination of the curve becomes steeper as the 
elapsed time measured from completion of the last rich- 
spike operation becomes longer. If the NOx counter val- 
ue R2 that triggers a rich-spike operation is set to be, 
for example, 1 .5 times as large as the reference value 
R1 as the normal rich-spike starting condition, therefore, 
the emitted NOx concentration C1 becomes larger than 
a level that is 1 .5 times as high as A2. Thus, even in the 
case where A2 must be set around 1 0 ppm, C1 becomes 
as large as about 20 ppm, thus permitting highly accu- 
rate detection of NOx by the NOx sensor 9 located 
downstream of the catalyst 7. 

[0076] In the conventional emission control system, it 
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is determined, for judgment on degradation of the NOx 
storage/reduction catalyst 7, whether the emitted NOx 
concentration is higher than the level A2 at a point of 
time when time L elapses from the last rich-spike oper- 
ation. In the present embodiment, on the other hand, the 
rich-spike operation is delayed (as shown in FIG. 3A) 
until time T passes, and substantially the same judg- 
ment on degradation of the catalyst is made by deter- 
mining whether the emitted NOx concentration is higher 
than the level C1 at time T, which value C1 is higher than 
the emitted NOx concentration R2 that would be 
reached by the NOx storage/reduction catalyst in the 
conventional system. 

[0077] FIG. 4 is a flowchart useful for specifically ex- 
plaining the above-described degradation determining 
operation according to the present embodiment. To per- 
form this operation, the ECU 30 executes the routine of 
FIG. 4 at predetermined time intervals. 
[0078] In the routine of FIG. 4, it is initially determined 
in step S401 whether conditions for execution of degra- 
dation determination are currently satisfied. The execu- 
tion conditions used in step S401 may include, for ex- 
ample, a first condition that the engine 1 is operating at 
a lean air/fuel ratio, a second condition that a predeter- 
mined time has passed since the degradation determin- 
ing operation was executed last time, and other condi- 
tions. The first condition is provided because the degra- 
dation determining operation cannot be carried out un- 
less the engine 1 is operated at a lean air/fuel ratio. The 
second condition is provided because the amount of 
NOx emissions is temporarily increased during the deg- 
radation determining operation in which the interval of 
the rich-spike operations is temporarily prolonged (i.e., 
made longer than normal) and the NOx storage amount 
of the NOx storage/reduction catalyst is made larger 
than normal, and the total amount of NOx emissions 
may undesirably increase if the frequency of execution 
of the degradation determining operation is increased. 
[0079] If all of the conditions of step S401 are satis- 
fied, step S403 is then executed. If any one or more of 
the conditions of step S401 is/are not satisfied, step 
S403 and subsequent steps are not executed, and the 
current cycle of the routine of FIG. 4 is immediately fin- 
ished. 

[0080] It is determined in step S403 whether the value 
of flag EX is set to 0. The flag EX is provided for exe- 
cuting the next steps S405 and S407 only once after the 
execution conditions are determined to be satisfied in 
step S401 . This flag EX is set to 1 in step S407, and is 
set to 0 in step S423 after the degradation determination 
is accomplished. 

[0081] If the flag EX is equal to 0 in step S403, it is 
determined in step S405 whether the value of the NOx 
counter CNX is equal to or larger than one-half of the 
normal rich-spike execution reference value R1 (as 
shown in FIG. 3B). If CNX > (1/2) x R1 , the value of the 
NOx counter CNX is set to zero and the value of the flag 
EX is set to 1 in step S407. With the value of the flag EX 



thus set to 1, steps S405 and S407 are skipped in the 
next and subsequent cycles of the routine, and step 
S403 is followed by step S409. 

[0082] With step S403 through step S407 thus exe- 
5 cuted, the operation to reset the value of the NOx coun- 
ter CNX to zero after the CNX value increases up to one- 
half of the rich-spike execution reference value R1 is 
carried out only once after the conditions for execution 
of degradation determination are satisfied in step S401 . 
10 [0083] Here, the NOx counter CNX represents the 
amount of NOx stored in the NOx storage/reduction cat- 
alyst 7, as described above, and is set according to a 
routine as shown in FIG. 5. 

[0084] FIG. 5 is a flowchart useful for explaining an 
15 operation to set the NOx counter CNX. To perform this 
operation, the ECU 30 executes the routine of FIG. 5 at 
predetermined time intervals. 

[0085] In the routine of FIG. 5, when the engine 1 is 
operated at a lean air/fuel ratio (i.e., when an affirmative 
20 determination (YES) is made in step S501 ), the ECU 30 
reads the accelerator pedal position or depression 
amount ACCP and the engine speed NE in step S503, 
and calculates in step S505 the amount NR of NOx gen- 
erated by the engine 1 per unit time, from a numerical 
25 table prepared in advance, based on these values AC- 
CP, NE. 

[0086] The amount of NOx generated by the engine 
1 per unit time is determined depending upon the engine 
operating conditions (such as the fuel amount and the 
30 air amount. In the present embodiment, the amounts of 
NOx generated by the engine per unit time are meas- 
ured in advance while the engine is actually operated 
under varying operating conditions, and the measure- 
ment results are stored in the ROM of the ECU 30 in the 
35 form of a numerical table using ACCP and NE as engine 
operating parameters indicative of the fuel amount and 
the air amount. The amount NR of NOx generated by 
the engine per unit time during a lean-burn operation is 
calculated by using the numerical table, based on the 
40 accelerator pedal position ACCP and the engine speed 
NE. 

[0087] Since the NOx storage/reduction catalyst 7 is 
supposed to store NOx which is a certain proportion 
(storage factor y) of the amount NR of NOx generated 
45 by the engine 1 , the amount of an increase ACNX in the 
NOx amount stored by the NOx storage/reduction cat- 
alyst per unit time (e.g., the interval of execution of the 
routine of FIG. 5) is calculated as ACNX = y x NR in step 
S507. 

50 [0088] The NOx storage factor y of the NOx storage/ 
reduction catalyst varies with catalyst conditions (such 
as the space velocity of the exhaust gas, temperature 
and the NOx storage amount), and so forth. While a pre- 
determined value is used as the NOx storage factory in 
55 the present embodiment, the storage factor y may be 
set depending upon the engine operating conditions 
(such as the exhaust flow rate and the temperature) and 
the NOx storage amount (the value of the NOx counter 
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CNX). In this case, the NOx storage amount of the NOx 
storage/reduction catalyst can be further accurately cal- 
culated. 

[0089] In step S509, the value of the NOx counter 
CNX is increased by the value ACNX equivalent to the 
calculated amount of NOx stored by the NOx storage/ 
reduction catalyst 7 per unit time, each time the routine 
of FIG. 5 is executed. With this step, the value of the 
NOx counter CNX becomes equivalent to the amount of 
NOx currently stored in the NOx storage/reduction cat- 
alyst 7. 

[0090] In the present embodiment, each time the val- 
ue of the NOx counter CNX reaches the rich-spike ref- 
erence value R1 (i.e., an affirmative determination 
(YES) is made in step S51 1 ), the value of rich-spike flag 
RSX is set to 1 in step S513, and the value of the NOx 
counter CNX is reset to 0 in step S515. 
[0091] If the rich-spike flag RSX is set to 1 , the ECU 
30 performs an operation (not shown) that is separately 
executed, so that the engine 1 is operated at a rich air/ 
fuel ratio for a certain short period of time, and the NOx 
stored in the NOx storage/reduction catalyst is reduced 
and removed, whereby the NOx storage amount is 
made approximately equal to zero. After the rich-spike 
operation is finished, the RSX value is reset to zero 
through an operation (not shown) that is separately ex- 
ecuted. 

[0092] I n the above-described operation of step S403 
through step S407, the value of CNX set in the manner 
as described above is reset to zero after it is increased 
up to (1/2) x R1 when the degradation determining op- 
eration is performed. As a result, the value of CNX starts 
increasing from zero again in the routine of FIG. 5. When 
the rich-spike operation is executed (CNX > R1 ) in step 
S511 of FIG. 5, therefore, the actual CNX value should 
become equal to 1 .5 x R1 . Namely, through the opera- 
tion of steps S403 - S407, the rich-spike operation is not 
executed during the degradation determining operation 
until the value of the NOx counter becomes 1 .5 times 
(R2 in FIG. 3B) as large as the normal rich-spike refer- 
ence value R1 . 

[0093] Referring again to FIG. 4, after the reference 
value of the NOx storage amount at which the rich-spike 
operation is executed is set to be 1 .5 times as large as 
the normal reference value R1, as described above, it 
is determined in step S409 whether the current value of 
the NOx counter CNX becomes equal to (R1 - a) (a is 
a sufficiently small value) to be established immediately 
before the rich-spike operation is executed. If the CNX 
value is equal to (R1 - a), the output VNX of the NOx 
sensor 9 is read in step S411. The VNX thus obtained 
represents the emitted NOx concentration achieved 
when the NOx storage amount of the NOx storage/re- 
duction catalyst 7 is increased to be 1 .5 times as large 
as the normal maximum storage amount. Thus, the NOx 
sensor 9 is able to detect the NOx emission amount in 
a region in which the exhaust NOx concentration is at a 
relatively high level, and an otherwise possible reduc- 



tion in the detection accuracy can be avoided or sup- 
pressed. 

[0094] Subsequently, in step S413 through step 
S421, the degree of degradation of the NOx storage/ 

5 reduction catalyst 7 is determined based on the read val- 
ue of the output VNX of the NOx sensor 9. 
[0095] In the present embodiment, the degree of deg- 
radation of the NOx storage/reduction catalyst 7 is clas- 
sified into three levels, depending upon the VNX value, 

10 namely, the amount of NOx emitted when the NOx stor- 
age amount is equal to R2 (= 1 .5 x R1 in FIG. 3), which 
is 1.5 times as large as the reference NOx storage 
amount used during a normal lean-burn operation of the 
engine 1 . 

15 

(1) VNX < (1/2) x P ^ NORMAL 

(2) (1 12) x |3 < VNX < p -> LOW-LEVEL DEGRADA- 
TION 

(3) VNX > p ^ HIGH-LEVEL DEGRADATION 

20 

[0096] Here, "P" is the permissible upper limit value of 
the amount of NOx emitted during normal engine oper- 
ations, and may be set to, for example, about 40 ppm. 
[0097] More specifically, if the emitted NOx concen- 
ts tration does not reach one-half (e.g., 20 ppm) of the per- 
missible upper limit value even when the amount of NOx 
stored in the catalyst is 1 .5 times as large as the normal 
reference amount, it is determined that the NOx storage/ 
reduction catalyst is in a normal condition (as noted 

30 above at (1)). 

[0098] In this case, the value of parameter FLV that 
represents the degradation level of the catalyst 7 is set 
to 1 in the routine of FIG. 4 (steps S41 3 and S41 7), and 
the engine 1 performs a normal lean-burn operation (i. 

35 e., an operation at a lean air/fuel ratio). 

[0099] If the emitted NOx concentration becomes 
equal to or higher than one-half of the permissible upper 
limit value but does not reach the permissible upper limit 
value (e.g., 40 ppm) in the condition where the amount 

40 of NOx stored in the catalyst is 1 .5 times as large as the 
normal reference amount, it is determined that the NOx 
storage/reduction catalyst undergoes a low level of deg- 
radation (as noted above at (2)). 
[0100] In this case, the emitted NOx amount is kept 

45 lower than the upper limit value in an engine operating 
condition in which the engine 1 emits a relatively small 
amount of NOx, but the emitted NOx amount may be- 
come equal to or larger than the permissible upper limit 
value under a condition where the amount of NOx emit- 

50 ted by the engine increases, for example, when the ve- 
hicle is accelerated or when the engine load is in- 
creased. In this case, the lean-burn operation is stopped 
and the engine is operated at the stoichiometric air/fuel 
ratio when the NOx emission amount of the engine is 

55 increased, such as when the engine load is increased, 
for example, during an acceleration of the vehicle, so 
that the amount of NOx generated by the engine is re- 
duced, and an otherwise possible increase in the NOx 
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emission amount is avoided or suppressed. If the low 
level of degradation is determined in the routine of FIG. 
4, the value of the parameter FLV is set to 2 in steps 
S415and S419of FIG. 4. 

[0101] If the emitted NOx concentration exceeds the 
permissible upper limit value (e.g., 40 ppm) in the con- 
dition where the amount of NOx stored in the catalyst is 
1 .5 times as large as the normal reference amount, it is 
determined that the NOx storage/reduction catalyst un- 
dergoes a high level of degradation (as noted above at 
(3)). In this case, the value of the parameter FLV is set 
to 3 in steps S415 and S421 of FIG. 4. 
[0102] In this case, the possibility of degradation of a 
NOx absorbent due to, for example, progression of S 
poisoning is considered, and an operation to eliminate 
S poisoning is separately performed in which the engine 
exhaust temperature is immediately elevated and the 
engine is operated at a rich air/fuel ratio (or the stoichi- 
ometric air/fuel ratio) for a given period of time. 
[0103] In the present embodiment, the ECU 30 caus- 
es the NOx sensor 9 to detect the exhaust NOx concen- 
tration in conditions in which the NOx storage/reduction 
catalyst 7 stores NOx in the amount 1 .5 times as large 
as the normal reference amount and the amount of NOx 
discharged to the downstream side of the catalyst 7 is 
increased, as described above. Supposing that the deg- 
radation of the NOx storage/reduction catalyst is deter- 
mined based on the emitted NOx amount in a condition 
where the normal reference amount of NOx is stored in 
the catalyst, for example, it would be necessary to ac- 
curately determine the NOx concentration of, for exam- 
ple, about 10 ppm so as to determine the low level of 
degradation (as in the case (1 ) above). In this case, the 
degradation determination is made in a region in which 
the NOx sensor operates with low detection accuracy, 
and the accuracy of the degradation determination is 
considerably reduced. 

[0104] In the present embodiment, on the other hand, 
the NOx storage amount achieved immediately before 
execution of the rich-spike operation is increased to be, 
for example, 1 .5 times as large as the normal reference 
amount, thereby permitting determination of low-level 
degradation in the NOx concentration region (around 20 
ppm) that is twice as high as that of the above-described 
case. In this case, the detection accuracy of the NOx 
sensor can be significantly improved, and the reliability 
of the result of the determination can be improved. 
[0105] While the NOx storage amountof the NOx stor- 
age/reduction catalyst is increased to be 1.5 times as 
large as the normal reference amount at the time of deg- 
radation determination in the present embodiment, the 
degree of the increase of the NOx storage amount de- 
pends upon or varies with the type of the catalyst. Also, 
since the emitted NOx concentration is actually in- 
creased during the degradation determination, it is pref- 
erable to determine the degree by which the NOx stor- 
age amount is increased at the time of degradation de- 
termination, through experiments using the actual cata- 



lyst. 

[01 06] In the present embodiment, the degree of deg- 
radation of the NOx storage/reduction catalyst is deter- 
mined directly from the output value VNX of the NOx 
5 sensor. However, the degradation determination may be 
made by using the average value or integrated value of 
VNX obtained up to a point immediately before a start 
of a rich spike, instead of directly using the VNX value 
for determination. In this case, too, the reliability of the 
degradation determination can be improved by increas- 
ing the NOx storage amount at the time of the degrada- 
tion determination. 

[0107] FIG. 6 is a flowchart useful for explaining con- 
trol operations performed on the engine based on the 
result of determination on the degradation of the catalyst 
as described above. To perform the control operations, 
the ECU 30 executes the routine of FIG. 6 at predeter- 
mined time intervals. 

[0108] In the routine of FIG. 6, operations that depend 
upon the degradation levels as explained above at (1 ) - 
(3) are performed. In steps S601 and S605, the current 
degradation level of the NOx storage/reduction catalyst 
7 is determined based on the value of the degradation 
parameter FLV set in the routine of FIG. 4. If the catalyst 
7 is in a normal condition (i.e., if FLV= 1), ageneral lean- 
burn operation in which the engine is operated at a lean 
air/fuel ratio is performed in step S603. 
[0109] If the catalyst 7 undergoes a low level of deg- 
radation (i.e., if FLV = 2), step S605 is followed by step 
S607, in which a judgment value KLQS of the engine 
torque (e.g., the accelerator depression amount or the 
fuel injection amount) at which the engine 1 is switched 
to operation at a rich air/fuel ratio is set based on the 
current engine speed. The judgment value KLQS is the 
output torque at which the amount of NOx generated by 
the engine increases to an extent or point where the 
NOx concentration measured downstream of the cata- 
lyst 7 exceeds a permissible level, at the current engine 
speed. Specifically, the KLQS is set through experi- 
ments using the actual engine. 

[0110] If it is determined in step S609 that the current 
engine output torque (e.g., the accelerator depression 
amount or the fuel injection amount) KLQ is greater than 
the judgment value KLQS calculated in step S607, the 
control process proceeds to step S611 to set the value 
of rich flag XR to 1 . 

[0111] If the rich flag XR is set to 1, the air/fuel ratio 
at which the engine 1 is operated is switched to the sto- 
ichiometric air/fuel ratio in an operation separately exe- 
cuted by the ECU 30. In this manner, the engine 1 is 
operated at the stoichiometric air/fuel ratio in an operat- 
ing condition in which the amount of NOx generated by 
the engine is increased, for example, when the vehicle 
is accelerated or the engine load is increased, so that 
the amount of NOx generated by the engine is reduced. 
With the reduction in the amount of NOx generated by 
the engine, the amount of NOx emitted from the NOx 
storage/reduction catalyst is prevented from exceeding 
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the permissible value even if the catalyst suffers the low 
level of degradation. 

[0112] If it is determined in step S609 that the current 
output torque is smaller than the judgment value KLQS, 
the value of the rich flag XR is set to 0, and the engine 
is kept operating at a lean air/fuel ratio. 
[0113] If it is determined in step S605 that FLV is not 
equal to 2, FLV is equal to 3, namely, the current deg- 
radation state of the catalyst 7 is equivalent to a high 
level of degradation, in other words, the catalyst 7 cur- 
rently undergoes a high level of degradation. In this 
case, the lean-burn operation is immediately stopped, 
and an operation to eliminate S poisoning is performed 
in step S615 so as to restore the NOx storage capacity 
of the NOx storage/reduction catalyst. 
[0114] In the operation to eliminate S poisoning, the 
engine is operated at a rich air/fuel ratio or at the stoi- 
chiometric air/fuel ratio so that the exhaust temperature 
is increased. With this operation, a high-temperature ex- 
haust gas having a rich or stoichiometric air/fuel ratio is 
supplied to the NOx storage/reduction catalyst, and SOx 
stored in the NOx storage/reduction catalyst is dis- 
charged from the catalyst, so that the NOx storage ca- 
pacity of the catalyst is restored. 
[0115] If it is determined that the catalyst undergoes 
a high level of degradation, an alarm lamp positioned at 
the driver's seat may be turned on so as to inform the 
driver of the degradation of the catalyst at the same time 
that the S-poisoning eliminating operation is executed. 
[0116] As described above, in the present embodi- 
ment, the reference NOx storage amount (NOx counter 
value) based on which a rich spike is executed is set to 
be larger during degradation determination, than that 
used in normal engine operations, so as to permit highly 
accurate degradation determination using the NOx sen- 
sor. If rich spikes are executed, for example, at prede- 
termined time intervals, or at intervals of a predeter- 
mined running distance, or for each integrated value of 
the engine speed, without using the NOx counter, the 
interval of the rich spikes (or the running distance or the 
integrated value of the engine speed based on which 
each rich spike is executed) is increased, so as to permit 
highly accurate degradation determination using the 
NOx sensor, in a similar manner to that of the illustrated 
embodiment. 

[0117] An exhaust emission control system for an in- 
ternal combustion engine (1 ) is provided which includes 
a NOx storage/reduction catalyst (7) disposed in an ex- 
haust passage (3) of the engine, and a NOx sensor (9) 
positioned in the exhaust passage downstream of the 
catalyst. A controller (30) of the system performs a rich- 
spike operation to temporarily operate the engine at a 
rich air/fuel ratio each time a NOx storage state of the 
catalyst satisfies a predetermined rich-spike condition 
during a lean-burn operation. When the degree of deg- 
radation of the catalyst is determined by comparing the 
output of the NOx sensor (9) with a predetermined eval- 
uation value, the rich-spike condition is changed so that 



the amount of NOx stored in the catalyst (7) at the time 
of a start of the rich-spike operation during a degradation 
determination period is made larger than that reached 
during a period other than the determination period. 
5 Selected Figure: FIG. 1 



Claims 

10 1. An exhaust emission control system for an internal 
combustion engine (1 ), including a NOx storage/re- 
duction catalyst (7) disposed in an exhaust passage 
(3) of the internal combustion engine (1), the NOx 
storage/reduction catalyst (7) selectively storing 
15 NOx contained in exhaust gas flowing into the cat- 
alyst, through adsorption, absorption, or both of ad- 
sorption and absorption, when an air/fuel ratio of the 
exhaust gas is lean, and reducing and removing the 
stored NOx by using reducing components in the 
20 exhaust gas when the air/fuel ratio of the exhaust 
gas becomes equal to a stoichiometric air/fuel ratio 
or a rich air/fuel ratio, wherein a rich-spike operation 
is performed to temporarily operate the engine at a 
rich air/fuel ratio each time a NOx storage state of 
25 the NOx storage/reduction catalyst (7) satisfies a 
predetermined rich-spike condition during an oper- 
ation of the engine at a lean air/fuel ratio, so as to 
supply exhaust gas having a rich air/fuel ratio to the 
NOx storage/reduction catalyst (7) for reduction 
30 and removal of the NOx stored in the NOx storage/ 
reduction catalyst (7), characterized by compris- 
ing: 

a NOx sensor (9) positioned in the exhaust pas- 
35 sage (3) downstream of the NOx storage/re- 

duction catalyst (7), the NOx sensor (9) being 
operable to detect a NOx concentration in the 
exhaust gas; 

degradation determining means (30) fordeter- 
40 mining adegree of degradation of the NOx stor- 

age/reduction catalyst by comparing an output 
value of the NOx sensor (9) obtained in a pre- 
determined determination period during the op- 
eration of the engine at a lean air/fuel ratio, with 
45 a predetermined evaluation value, and 

means (30) for changing the rich-spike condi- 
tion so that an amount of NOx stored in the NOx 
storage/reduction catalyst at the time of a start 
of the rich-spike operation during the determi- 
ne nation period is made larger than the amount 
of NOx stored in the catalyst at the time of the 
start of the rich-spike operation during a period 
other than the determination period. 

55 2. An exhaust emission control system according to 
claim 1 , wherein the start of the rich-spike operation 
is delayed during the determination period so as to 
increase the amount of NOx stored in the NOx stor- 



25 



30 



35 



40 



45 



50 



13 



25 



EP 1 413 718 A1 



26 



age/ reduction catalyst (7) at the time of the start of 
the rich-spike operation during the determination 
period, to be larger than the amount of NOx stored 
in the NOx storage/reduction catalyst (7) at the time 
of the start of the rich-spike operation during the pe- 
riod other than the determination period. 

3. An exhaust emission control system according to 
claim 1 or 2, wherein: 

the amount of NOx stored in the NOx storage/ 
reduction catalyst is used as the NOx storage 
state of the NOx storage/reduction catalyst, 
and a condition that the amount of NOx stored 
in the catalyst reaches a predetermined refer- 
ence storage amount is used as the predeter- 
mined rich-spike operation; and 
the reference storage amount is set during the 
determination period to a larger value than the 
reference storage amount set during the period 
other than the determination period, so as to 
increase the amount of NOx stored in the NOx 
storage/reduction catalyst (7) at the time of the 
start of the rich-spike operation during the de- 
termination period, to be largerthan the amount 
of NOx stored in the NOx storage/reduction cat- 
alyst (7) at the time of the start of the rich-spike 
operation during the period other than the de- 
termination period. 

4. An exhaust emission control system according to 
claim 1 or 2, wherein: 

an elapsed time measured from the time of 
completion of the last rich-spike operation is 
used as the NOx storage state of the NOx stor- 
age/reduction catalyst (7), and a condition that 
the elapsed time reaches a predetermined ref- 
erence time is used as the predetermined rich- 
spike condition; and 

the reference time is set during the determina- 
tion period to be longer than the reference time 
set during the period other than the determina- 
tion period, so as to increase the amount of 
NOx stored in the NOx storage/reduction cata- 
lyst (7) at the time of the start of the rich-spike 
operation during the determination period, to be 
larger than the amount of NOx stored in the 
NOx storage/reduction catalyst (7) at the time 
of the start of the rich-spike operation during the 
period other than the determination period. 

5. An exhaust emission control method for an internal 
combustion engine (1), in which a NOx storage/re- 
duction catalyst (7) is disposed in an exhaust pas- 
sage (3) of the internal combustion engine (1), the 
NOx storage/reduction catalyst (7) selectively stor- 
ing NOx contained in exhaust gas flowing into the 



catalyst, through adsorption, absorption, or both of 
adsorption and absorption, when an air/fuel ratio of 
the exhaust gas is lean, and reducing and removing 
the stored NOx by using reducing components in 
5 the exhaust gas when the air/fuel ratio of the ex- 

haust gas becomes equal to a stoichiometric air/fuel 
ratio or a rich air/fuel ratio, and a rich-spike opera- 
tion is performed to temporarily operate the engine 
at a rich air/fuel ratio each time a NOx storage state 
10 of the NOx storage/reduction catalyst (7) satisfies 
a predetermined rich-spike condition during an op- 
eration of the engine at a lean air/fuel ratio, so as to 
supply exhaust gas having a rich air/fuel ratio to the 
NOx storage/reduction catalyst (7) for reduction 
15 and removal of the NOx stored in the NOx storage/ 
reduction catalyst (7), characterized by comprising 
the steps of: 

positioning a NOx sensor (9) in the exhaust 
20 passage downstream of the NOx storage/re- 

duction catalyst (7), the NOx sensor (9) being 
operable to detect a NOx concentration in the 
exhaust gas; 

determining adegree of degradation of the NOx 
25 storage/ reduction catalyst (7) by comparing an 

output value of the NOx sensor (9) obtained in 
a predetermined determination period during 
the operation of the engine at a lean air/fuel ra- 
tio, with a predetermined evaluation value; and 
30 changing the rich-spike condition so that an 

amount of NOx stored in the NOx storage/re- 
duction catalyst (7) at the time of a start of the 
rich-spike operation during the determination 
period is made larger than the amount of NOx 
35 stored in the catalyst at the time of the start of 

the rich-spike operation during a period other 
than the determination period. 

6. An exhaust emission control method according to 
40 claim 5, wherein the start of the rich-spike operation 
is delayed during the determination period so that 
the amount of NOx stored in the NOx storage/re- 
duction catalyst (7) at the time of the start of the rich- 
spike operation during the determination period is 
45 increased to be larger than the amount of NOx 
stored in the NOx storage/reduction catalyst (7) at 
the time of the start of the rich-spike operation dur- 
ing the period other than the determination period. 

50 7. An exhaust emission control method according to 
claim 5 or 6, wherein: 

the amount of NOx stored in the NOx storage/ 
reduction catalyst (7) is used as the NOx stor- 
55 age state of the NOx storage/reduction catalyst 

(7), and a condition that the amount of NOx 
stored in the catalyst reaches a predetermined 
reference storage amount is used as the pre- 
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determined rich-spike operation; and 
the reference storage amount is set during the 
determination period to a larger value than the 
reference storage amount set during the period 
other than the determination period, so that the 5 
amount of NOx stored in the NOx storage/re- 
duction catalyst (7) at the time of the start of the 
rich-spike operation during the determination 
period is increased to be larger than the amount 
of NOx stored in the NOx storage/reduction cat- 10 
alyst (7) at the time of the start of the rich-spike 
operation during the period other than the de- 
termination period. 

8. An exhaust emission control method according to 15 
claim 5 or 6, wherein: 

an elapsed time measured from the time of 
completion of the last rich-spike operation is 
used as the NOx storage state of the NOx stor- 20 
age/reduction catalyst (7), and a condition that 
the elapsed time reaches a predetermined ref- 
erence time is used as the predetermined rich- 
spike condition; and 

the reference time is set during the determina- 25 
tion period to be longer than the reference time 
set during the period other than the determina- 
tion period, so that the amount of NOx stored 
in the NOx storage/reduction catalyst (7) at the 
time of the start of the rich-spike operation dur- 30 
ing the determination period is increased to be 
larger than the amount of NOx stored in the 
NOx storage/reduction catalyst (7) at the time 
of the start of the rich-spike operation during the 
period other than the determination period. 35 
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